Abstract Noctiluca scintillans (Macartney) Kofoid, a typical bioluminescent organism, is known to respond to a mechanical stimulus by emitting light. We found that a luminescent response could also be triggered by lowering the temperature of the environment, but not by raising it. This response was analyzed with respect to the rate of decrease in temperature. The results showed that the probability of the response was positively related to the rate of the decrease in temperature. The sites of initiation of the luminescent response were distributed randomly all over the surface of the cell body. The flash response that was triggered by a decrease in temperature was quite similar to that triggered by a mechanical stimulus at the lower temperature in terms of duration, as well as in terms of the velocity of expansion of the excited region. A fatal response, namely a slowly propagating flash (SPF), was also recognized.
Introduction
Microorganisms such as bacteria, and protozoa, are able to detect various environmental stimuli that include certain chemicals, light and mechanical agitation, and they are able to respond to those signals upon their detection by receptor molecules. Chemoreception, in bacteria, is now well understood and details of the receptors, which transduce chemical signals, have been reported [see Falke et al. (1997) for a review]. However, our understanding of mechanoreception is quite limited, in particular at the molecular level.
Noctiluca is a marine protozoan; it is round with a diameter of 300-1000 um, and it responds to mechanical stimuli by emitting light. The phenomenon has been studied since the 1850s (de Quatrefages, 1850) and the electrophysiological studies of Eckert and his co-workers have revealed many aspects of this response (Eckert, 1965a (Eckert, ,b, 1966a (Eckert, ,b, 1967 Eckert and Reynolds, 1967; Eckert and Takao, 1968) . Noctiluca seems to be a good system to use in an attempt to characterize mechanoreception at the molecular level, since it is unicellular, transparent, fast growing and easy to observe. The luminescent responses of the cells are of three types: a flash of strong light of 20-100 ms in duration; a glow, which is emitted by cells under stress and is the result of a weak luminescent response all over the cell body of much longer duration (several minutes); and a slowly propagating flash (SPF; 6-8 s in duration) that is emitted by cells under extreme stress, as we shall describe here. After emitting an SPF, the cell fails to respond to any stimuli and eventually disintegrates. By contrast, the flash response can be reproduced many times in the same cell. The luminescent response of Noctiluca can be induced by electric stimuli, osmotic stress and chemicals (Harvey, 1917; Nicol, 1958) . A change in temperature evokes the emission of light by dinoflagellates, which are closely related to Noctiluca (Sweeney, 1981) . However, no such phenomenon has been described for Noctiluca, with the exception that Harvey reported in 1917 that the animal flashes more than normally with decreasing temperature. As noted above, the relationship between a stimulus and a luminescent response is not simple. In this study, we analyzed the luminescent response of Noctiluca, in particular the flash response, under various conditions. We found that the animal responded to the rate of decrease in temperature by emitting a flash of light.
Method

Culture of Noctiluca
Wild specimens of Noctiluca scintillans were obtained from the sea around the Sugashima Marine Biological Laboratory and were washed several times with sterilized artificial sea water. They were kept at 21 °C in a 15 cm Petri dish that contained 10 6 cells ml" 1 of Chaetoceros gracilis and 10 4 cells ml" 1 of Tetraselmis sp. in 100 ml of sterilized artificial sea water (Jamarine, Osaka). The culture was illuminated by fluorescent light at -2000 lux (as measured with a sunlight illumination meter; Tokyokougaku, Tokyo) with a photoperiod of 16 h of light daily. By using this method, we were able to maintain culture for at least 6 months with cell division occurring once every 24-50 h.
Observations of luminescent responses
Noctiluca scintillans was transferred to fresh medium the day before each experiment, and the measurements of responses were made between 13:00 and 20:00 h. Healthy cells with many large food vacuoles from the bottom of each dish were selected. The cells (20 cells ml" 1 ) were placed in a small chamber (3.4 cm x 4.2 cm x 1 cm high) that was equipped with a thermodiode probe for the measurement of temperature with a digital thermometer (TD-300; Sibaura Denshi, Tokyo, Japan). The organisms were kept in the darkness for -30 min before each experiment. The chamber was placed on a copper plate (6 X 10 cm 2 ,5 mm thick) whose temperature could be controlled by cooling/heating water tubes (copper) attached beneath the plate. A linear gradient of temperature in time was applied to cells by running water at a constant temperature (except for the first 5 s), and recordings were started after 5 s. The rate of the change in temperature was controlled by changing the temperature of the coolant with a coolnics circulator (CTE-120; Komatu Kanagawa) and the time course of changes in temperature was monitored and recorded throughout the process. The luminescent responses of cells were monitored with a high-sensitivity video camera (WV-1900; National Osaka) attached to a macro-lens that covered the entire area of the chamber, and they were recorded on video tape. For high-speed recording of the luminescent response of a single cell, the image was recorded with an image intensifier (Night Viewer C3100; Hamamatsu Photonics, Hamamatsu, Japan) attached to the microscope, with suitable magnification such that the whole cell was included in the camera's field. The image was recorded on videotape by a Nac Microscopic HighSpeed Video (MHS-200; Nac Inc., Tokyo, Japan) at 200 fields s" 1 (100 frames s-1 ). The video-recorded images were analyzed with a video image analyzer (ARGUS100; Hamamatsu Photonics, Hamamatsu, Japan). A schematic representation of the entire system is shown in Figure 1 .
Results
Frequency of flashes
Noctiluca cells barely emitted any light when they were incubated at a constant temperature from 28 to 5°C. The frequency of spontaneous flashes was far lower than 1 per 1000 min • cells over this range of temperatures. In other words, when 100 cells were observed for 10 min, no spontaneous flash was observed. However, when the temperature of the environment of equilibrated cells was changed, cells emitted a flash in response to a decrease in temperature, but not to an increase in temperature. However, a rapid increase in the temperature, e.g. 0.5°C s -1 , evoked a glow. The temperature of the copper plate and, hence, that of the circulating water, was changed with time and the responses of cells were recorded on video tape and analyzed in terms of time and the change in temperature. Typical results are shown in Figure 2 . The cells started to flash after a delay of several seconds and continued to flash occasionally as the temperature fell until the end of the experiments. The number of flashes in the first 5 s was smaller than that in the next 5 s because -5 s were required to stabilize the rate of decrease in temperature. By contrast, when the cooling was interrupted by rapid heating, the flash response ceased as soon as the temperature started to rise. This response was reversible between 22 and 17°C.
The frequency of flashes was examined in relation to the rate of decrease in temperature. The relationship between the total number of flashes and the rate of change in temperature is shown in Figure 3 . The responses of cells were recorded for various rates of change in temperature. The relationship was linear and there was no or only a very small threshold rate for triggering the response. The results suggested that the total number of flashes during the course of a change in temperature was related to the rate of change in temperature. 
Sites of initiation of a flash
When the flash response was recorded with a high-speed video recorder, we observed that the luminescence started in a small area of the organism and then the luminescent area expanded over the cell membrane towards the opposite end of the nearly spherical cell. The velocity of propagation seemed to be dependent on temperature: the lower the temperature at the time, the lower the velocity of propagation. Since the time resolution of the video recordings was only 10 ms, it was impossible to determine the exact velocity of propagation of the luminescent area, except in the case of slowly propagating flashes, as described below. The mode of propagation of the luminescent area described above was recognized previously by Eckert and Reynolds (Eckert, 1965b; Eckert and Reynolds, 1967) . However, in the present study, we were able to identify the site of initiation of a flash in relation to the shape of whole living cells without invasion of cells since the origin was clearly visible on the first frame of the record (Figure 4 ) and the shape of the entire cell could be recognized from the subsequent frames (2-5 frames). The site of initiation of the flash was scored in relation to cell shape. No single site was recognized as being specific for the initiation of a flash, and the sites seemed to be distributed uniformly over the membrane of the entire cell ( Figure 5 ). The randomness of the distribution of the site of initiation was influenced neither by the temperature at the start of luminescence, nor by the rate of change in temperature at that time. Fig. 4 . Localization of the site of initiation of a flash. High-speed recording of the flash from a single cell revealed the position of initiation of the flash on a two-dimensional projection of the cell. In each record, which was taken with the dorsal side of the cell towards the top of the picture, luminescence started at the site indicated by an arrow. The shape of the whole cell as well as the position of the tentacle was confirmed by examining two or three sequential frames since the luminescent area extended towards the opposite side of each spherical cell. Bar = 100 |im. 
Slowly propagating flash
While we were analyzing the flash response, we noted an intense luminescent response of several seconds duration that resembled a flash in terms of intensity. We called this response an SPF. The SPF became detectable below 10°C, although the probability of this response was low. The response was observed in only a small percentage of cells at the temperature. However, almost all cells exhibited the SPF when the temperature was decreased to 5°C and cells were maintained at that temperature for several minutes. Some cells emitted SPF while they were already glowing, others simply started an SPF from the quiescent state that was maintained when a change in temperature was complete. It was not possible to induce SPF by stimulating cells mechanically at a low temperature (5°C). Instead, many cells responded by a flash.
Although the response seemed to be an extension of the usual flash, it was distinguishable from the standard response on the basis of the viability of the cell after the response. A cell that responded once with an SPF was never again able to emit light even when the temperature was increased to 21°C and the cell was stimulated mechanically. Such cells eventually disintegrated or died. The pattern of light emission during the course of an SPF is shown in Figure 6 .
Discussion
The signal for initiation of a flash
The present study showed that Noctiluca responds to a decrease in temperature. The probability of emission of a flash, over a given time, was dependent on the rate of a decrease in temperature. Thus, in the present system, the stimulus was the decrease in temperature having taken place (i.e. the integral of the rate of temperature decrease), and the response was the probability of a flash. The integrated stimulus appeared to be quickly destroyed by increasing temperature. Several models of molecular circuitry with such characteristics are possible in combining, for example, the molecular activity of an ion pump in relation to a change in temperature. Pharmacological attempts to perturb ionic phenomena were unsuccessful in our hands. Thus, no possible model has yet been confirmed or excluded. The relationship between the response to a change in temperature and the response to mechanical stimulation is also unclear. Flashes evoked by thermal and mechanical stimuli were indistinguishable. Thus, both a specific thermal receptor and the thermal perturbation of the processing of a signal by the mechanoreceptor remain possibilities. The present study does, however, provide an additional criterion for studies of mutants with defects in mechanoreception and the flash response.
Lethal luminescence
The SPF emitted at low temperature resulted in death of the animal. This phenomenon might be worth investigating from, at least, two points of view. The phenomenon might be related to the instability of microtubules at low temperature [see Hill and Kirschner (1982) for a review]. Some disruption of a cytoskeleton-like structure was observed after SPF, although we do not yet know whether the structure was composed of tubulin (Sweeney, 1978) . Second, the mechanism of cell death might be a kind of cold shock-induced apoptosis or necrosis since the shape of the cells was apparently preserved for at least several hours after SPF.
